. Fatty acids in forages. II. In vitro ruminal biohydrogenation of linolenic and linoleic acids from timothy. Can. J. Anim Sci. 83: 513-522. Polyunsaturated fatty acids from forages are hydrogenated in the rumen and this biohydrogenation depends on several factors. The objective of this study was to determine and compare in vitro ruminal biohydrogenation of linolenic (C18:3) and linoleic (C18:2) acids in timothy harvested from different growth stages, produced with or without fertilization, or conserved by different methods. In exp. 1, timothy was grown with (120 kg ha -1 ) and without N and harvested at four growth stages. In exp. 2, harvested timothy was conserved as fresh grass, wilted grass, dry hay, haylage, and silage, some with additives: haylage with lactic acid bateria (LAB), haylage with formic acid, silage with LAB, and silage with formic acid. Samples were incubated with rumen fluid in three trials to compare: (1) samples from exp. 1; (2) the five basic conserving methods of exp. 2, and; (3) how the silage additives affected biohydrogenation of C18:3 and C18:2. Effective disappearances and ruminal bypass of C18:3 and C18:2 were fastest in timothy harvested at stem elongation but slowed linearly with increasing maturity (P < 0.01). Although N fertilization increased (P < 0.01) the effective disappearance and bypass of C18:3 and the bypass of C18:2, it did not affect their rate of disappearance. These last rates were not affected by maturity, but were faster in haylage and silage than in hay (P < 0.01). Ruminal bypass of C18:3 was greater in fresh grass, wilted grass, and dry hay than in haylage and silage (P < 0.01). Additions of formic acid and LAB to haylage and silage had no significant effect on C18:3 and C18:2 disappearances and bypass. To maximize the amount of C18:3 that bypasses ruminal biohydrogenation timothy should be fertilized with N, harvested at an early growth stage, and conserved as dry hay. (1) les échantillons de l'expérience 1; (2) les cinq méthodes de conservation de base de l'expérience 2 et; (3) comment est-ce que les additifs pour ensilage affectent la biohydrogénation des C18:3 et C18:2. L'hydrogénation effective et le bypass ruminal des C18:3 et C18:2 étaient élevés dans la fléole récoltée au début montaison, puis diminuaient linéairement avec la maturité (P < 0,01). La fertilisation azotée augmentait (P < 0,01) l'hydrogénation effective et le bypass des C18:3 ainsi que le bypass des C18:2, mais n'affectait pas les taux de biohydrogénation des C18:3 et C18:2. Ces derniers taux n'étaient pas affectés par la maturité, mais ils étaient plus élevés pour l'ensilage préfané et l'ensilage humide que pour le foin (P < 0,01). Le bypass ruminal des C18:3 était plus élevé dans le fourrage frais, le fourrage préfané et le foin que dans l'ensilage préfané et l'ensilage humide (P < 0,01). L'addition d'acide formique ou de LAB à l'ensilage préfané et l'ensilage humide de fléole n'avait pas d'effet sur l'hydrogénation et le bypass ruminal des C18:3 et C18:2. La quantité de C18:3 qui échappe à la biohydrogénation ruminale peut être maximisée en augmentant la fertilisation azotée de la fléole, en la récoltant à un stade jeune et en la conservant sous forme de foin sec.
matter. A lactating dairy cow ingesting 15 kg of those forages may ingest up to 300 g of C18:3 per day, which is equivalent to the amount of C18:3 present in more than 1.5 kg of full-fat linseed. Although this large amount of C18:3 is potentially ingested, ruminant meat and dairy products usually contain less than 2% of total FA as C18:3 (Christie 1981) . Dietary triacylglycerols, phospholipids, and galactosyl lipids are rapidly hydrolysed in the rumen, and free FA are adsorbed onto feed particles and biohydrogenated by rumen microorganisms (Demeyer and Doreau 1999) . Initial biohydrogenation of C18:3 and linoleic acid (C18:2) is the conjugation of the double bond cis-9, cis-12 by the action of cis-12, trans-11 isomerase (Kepler et al. 1970) . The second step is the hydrogenation of the cis-9 double bound of the cis-9, trans-11 conjugated diene derived from linoleic acid, and the cis-15 double bound of the cis-9, trans-11, cis-15 conjugated triene derived from linolenic acid. The resulting trans-11 monoenoic acid is finally hydrogenated to stearic acid (C18:0) (Harfoot and Hazlewood 1988) . Normally, the trans-11 C18:1 is the major isomer found in the rumen (Harfoot 1981; Kemp and Lander 1984) ; it represents at least 80% of the total rumen trans C18:1 (Demeyer and Doreau 1999) . Trans-11 C18:1 appears to be the penultimate end-product in the biohydrogenation of C18:2 and C18:3 and it is slowly hydrogenated to C18:0 (Kemp and Lander 1984) .
Biohydrogenation of PUFA in the rumen is affected by many factors such as the type and amount of FA (Noble et al. 1974) , dietary N content (Gerson et al. 1983 ), forage to concentrate ratio in the diet (Gerson et al. 1985) , the age of the mixed culture of rumen microorganisms inoculum (Kellens et al. 1986 ), the concentration of C18:2 in the incubation mixture , and the pH of rumen fluid (Van Nevel and Demeyer 1996) . Concentrations of PUFA in forages are known to be increased by harvesting timothy at an early stage of development, and as fresh grass, by increasing N fertilization, and by choosing species such as white clover and annual ryegrass (Boufaïed et al. 2003) . Timothy is the most important perennial forage grass species in eastern Canada but there are no reports in the literature on the effect of growth stage, N fertilization, conservation method, and silage additives on isomerisation and biohydrogenation of timothy PUFA in the rumen, nor on the amount of these FA that could bypass the rumen. The objective of this study was to determine and compare in vitro ruminal biohydrogenation and bypass of linolenic and linoleic acids in timothy (Phleum pratense L.) harvested from different growth stages, produced with or without fertilization, or conserved by different methods.
MATERIALS AND METHODS

Field Experiments for Preparing Timothy Experiment 1. Growth stage with N Fertilization
Timothy was grown at Saint-Joseph-de-la-Pointe-de-Lévy, QC, Canada (Lat. 46°48′ N, Long. 71°05′ W) with and without N applications at 120 kg ha -1 and harvested at four growth stages (stem elongation, early heading, late heading, and early flowering) in a 2 × 4 factorial split-plot design with four replicates. Plot area was 3.25 m 2 and N fertilizer was applied before the start of growth in spring 1999. Harvests were taken during the primary growth of the first production year; the first harvest was taken at the stem elongation stage on 2 June 1999, and successive harvests at later growth stages were 1 wk apart. A 250-g forage sample was taken from each plot at each harvest, dried at 55°C in a forced-draft oven for 3 d, and ground using a Wiley mill (Standard Model 3, Arthur H. Thomas Co., Philadelphia, PA) fitted with a 1-mm screen. The experimental details are given in Boufaïed et al. (2003) .
Experiment 2a. Method of Conservation and Experiment 2b). Silage Additives
The timothy field was harvested with hand clippers on 14 June 1999 at the early heading stage, leaving a 5-cm stubble. The fresh grass material (230 g of DM kg -1 ) was separated into two parts. One part was spread out uniformly on wire netting and field-wilted for either a few hours to reach 400 g of DM kg -1 (wilted grass) or for 3 d to obtain 850 g DM kg -1 (dry hay). The wilted grass and the second part of the fresh material were used to make haylage and silage, respectively. There was a total of nine treatments: (1) fresh grass, (2) wilted grass, (3) dry hay, (4) control haylage, (5) haylage with LAB (10 6 CFU g -1 of FM), (6) haylage with formic acid (6 L Mg -1 of FM), (7) control silage, (8) silage with LAB (10 6 CFU g -1 of FM), and (9) silage with formic acid (6 L Mg -1 of FM). Details on the ensiling are described in Boufaïed et al. (2003) . After 60 d of fermentation, silos were opened and emptied. Samples of fresh grass, wilted grass, dry hay, haylage, and silage were frozen and lyophilized. All lyophilized samples were ground to 1 mm using a Wiley mill (Standard Model 3, Arthur H. Thomas Co., Philadelphia, PA).
In exp. 2a, the effects of five methods of conservation on the biohydrogenation process were compared (Treatments 1, 2, 3, 4, and 7; Table 3 ). In exp. 2b, the effects of silage additives on biohydrogenation were compared with controls (Treatments 4, 5, 6, 7, 8, and 9; Table 5 ).
Laboratory Analyses Rumen Fluid Collection
One rumen-fistulated Holstein cow in early lactation was used as the donor of rumen content. This cow was cared for according to the guidelines of the Canadian Council on Animal Care (1993). The cow was fed 12 meals d -1 of trefoil-fescue (139 g CP kg -1 DM, 307 g ADF kg -1 DM, 519 g NDF kg -1 DM, 2 g P kg -1 DM, and 31 g EE kg -1 DM) and orchardgrass-timothy (127 g CP kg -1 DM, 321 g ADF kg -1 DM, 507 g NDF kg -1 DM, 2 g P kg -1 DM, and 27 g EE kg -1 DM) silages. Timothy hay (123 g CP kg -1 DM, 342 g ADF kg -1 DM, 584 g NDF kg -1 DM, 3 g P kg -1 DM, and 27 g EE kg -1 DM), at a rate of 3 kg FM d -1 , a commercial concentrate (Purina 1233 Lactena B16, Agribands Purina Canada Inc, St-Hubert, QC, 214 g CP kg -1 DM, 640 g ADF kg -1 DM, 155 g NDF kg -1 DM, 7 g P kg -1 DM, and 84 g EE kg -1 DM), and a mineral plus vitamin supplement (Purina Activ Plex D18:9 mineral, Agribands Purina Canada Inc, StHubert, QC, 1% Na, 18% Ca, 9% P, 8% Mg, 1.2% S, 45 mg Se kg -1 , 144 mg I kg -1 , 7500 mg Fe kg -1 , 2400 mg Cu kg -1 , 7200 mg Mn kg -1 , 7200 mg Zn kg -1 , 24 mg Co kg -1 , 500 mg F kg -1 , 750 000 IU vitamin A kg -1 , 225 000 IU vitamin D 3 kg -1 , and 3000 IU vitamin E kg -1 ) were also served. The preparation of rumen fluid inoculum was based on the procedure recommended by Ankom Technology (Fairport, New York, USA) to measure in vitro true digestibility of forage samples. Two litres of rumen fluid were collected and immediately poured into a 39°C pre-warmed Thermos. Two handfuls of fibrous material from the rumen content were added to the Thermos, which was then completely filled with rumen fluid to ensure anaerobic conditions. The Thermos content was then emptied into a 39°C pre-warmed and CO 2 gassed blender (Warning Commercial Blender, New Hartford, CT) and mixed at high speed for 30 s to dislodge the microorganisms that are associated with the solid particles of the rumen content. The mixed rumen fluid was strained through four layers of cheesecloth and poured into a pre-warmed Thermos, which was gassed with CO 2 to ensure anaerobic conditions during transport from the barn to the laboratory. In the laboratory, the rumen fluid inoculum was mixed with a magnetic stirrer and maintained at 39°C under anaerobic conditions.
In Vitro Biohydrogenation Method
For each experiment (1, 2a, and 2b), rumen fluid incubations were done in duplicate within 7 d following the first stage of the procedure described by Tilley and Terry (1963) to measure the in vitro dry matter digestibility of forage samples. Timothy samples (250 mg) were incubated in 50-mL glass tubes with 25 mL of McDougall buffer (pH = 6.9) and 5 mL of rumen fluid inoculum. Two blank tubes, containing only the inoculum and McDougall's buffer, were also incorporated at each time period of all incubations. All tubes were gassed with CO 2 , tightly sealed with a rubber stopper equipped with a gas release valve, and incubated at 39°C for 0, 3, 6, 9, 24, and 36 h. The rotating platform of the incubator (Lab-line, Environ-shaker, Melrose Park, IL) was adjusted to 175 rotations min -1 . At the end of each incubation period, tubes were withdrawn and immediately frozen. Frozen tubes were lyophilised during five to seven days for further FA analysis.
Fatty Acid Analysis
Fatty acids in the lyophilized incubation mixture were extracted and methylated following a one-step procedure (Sukhija and Palmquist 1988) using toluene as the solvent. Methyl nonadecanoate was used as an internal standard. Fatty acid methyl esters were quantified by gas chromatography using a HP 5890 chromatograph (Hewlett Packard Co., Palo Alto, CA) under conditions described in Boufaïed et al. (2003) . The peak area of each FA was measured using a Turbochrom 3 analytical system (version 3.3; PE Nelson, Cupertino, CA). Each peak was identified and quantified using pure methyl ester standards (Alletch, Deerfield, IL).
Statistical Analyses
Amounts of each individual FA found in the blank tubes were subtracted from the amounts of FA found in the corresponding tubes at each incubation time. The amounts of C18:3 and C18:2 disappearing from the incubation mixture were considered to be biohydrogenated because long-chain FA are not extensively metabolized (<1%) by ruminal microorganisms in vitro (Wu and Palmquist 1991) . The disappearance of C18:3 and C18:2 in timothy samples during the in vitro incubation is described according to the following equation based on the model of Ørskov and McDonald (1979) :
where P t = amount (mg g -1 DM) of timothy C18:3 or C18:2 present in the incubation mixture at time t (h), x is the nonhydrogenatable fraction of C18:3 or C18:2 in timothy (mg g -1 DM), y is the hydrogenatable fraction of C18:3 or C18:2 (mg g -1 DM), z is the rate of disappearance of fraction y (h -1 ), and t is the incubation time (h). Effective disappearance (mg g -1 DM) of C18:3 or C18:2 was calculated using a ruminal rate of passage (k) of 0.06 h -1 as follows:
The bypass (mg g -1 DM) of C18:3 or C18:2, defined as the amount of C18:3 or C18:2 that potentially escapes rumen biohydrogenation, was estimated using the equation:
The appearance of C18:0 in timothy during the biohydrogenation process was estimated by the model of Ørskov and McDonald (1979) :
where P t is the amount (mg g -1 DM) of timothy C18:0 present in the incubation mixture at time t (h), a is the amount (mg g -1 DM) of C18:0 present in the incubation mixture at time 0, b is the amount (mg g -1 DM) of C18:0 appearing during the biohydrogenation process, c is the rate of appearance (h -1 ) of fraction b, and t is the incubation time (h). Effective appearance (mg g -1 DM) was estimated, with a ruminal rate of passage (k) of 0.06 h -1 as follows:
The amount of C18:0 that potentially escapes the rumen (mg g -1 DM) was calculated as follows:
The parameters x, y, z, a, b, and c for each FA and each experimental unit were estimated according to the nonlinear Marquardt procedure of the SAS Institute, Inc. (1985) applied on the average of duplicate incubations. In exp. 1, data for parameters x, y, z, a, b, c, ED, EA, and BP were subjected to ANOVA by the GLM procedure of the SAS Institute, Inc. (1985) according to a split-plot factorial design; growth stage was the main plot and N fertilization was the subplot with four replicates per treatment.
Quantitative contrasts were used to test linear, quadratic, and cubic effects of growth stages, equally spaced in time, and the interactions between growth stages and N fertilization. In exps. 2a and 2b, data were analyzed using the GLM procedure of the SAS Institute, Inc. (1985) as a randomized design with four replicates per treatment. In exp. 2a, the parameters for each FA were compared using the LSD multiple range test (SAS Institute, Inc. 1985) whereas simple contrasts were used in exp. 2b to test differences among treatments. For all experiments, statistical testing was done at 5% significance unless noted otherwise.
RESULTS AND DISCUSSION
Growth Stage and N Fertilization (Experiment 1)
The disappearance of the hydrogenatable fractions (y) of C18:3 (Fig. 1a ) and C18:2 (Fig. 1b) were almost complete after 9 h of incubation. However, a portion of initial C18:3 and C18:2 remained in the incubation mixture after 36 h (nonhydrogenatable fraction x). The hydrogenatable fractions (y) of C18:3 and C18:2 and the amount of C18:0 appearing during the biohydrogenation process (b) decreased (P < 0.01) linearly with increased maturity (Table 1 and Fig. 1 ). In contrast, the nonhydrogenatable fraction (x) of C18:3 decreased linearly with maturity when no N fertilization was applied, whereas the effect due to maturity was not constant when N fertilization was applied (GS Q × N, P < 0.05, Table 1 ). The N fertilization delays the decrease of the fraction x with maturity; the nonhydrogenatable fraction of C18:3 began to decrease at early heading when no N was applied, and at late heading for timothy fertilized with 120 kg N ha -1 . The same interaction tended to be significant (P < 0.1) for the BP of C18:3 with a delay in the decrease when N fertilization was applied. The interaction GS L × N was significant (P < 0.01) for the nonhydrogenatable fraction of C18:2 and tended to be significant (P < 0.10) for the BP of C18:2. Both fractions decreased linearly with maturity only when no N fertilization was applied.
The ED of C18:3 and C18:2, and the EA of C18:0, were greatest in timothy harvested at stem elongation, after which they decreased linearly with maturity (Table 1) . We previously observed that concentrations of C18:3 and C18:2 in timothy decreased linearly with maturity (Boufaïed et al. 2003) , which would explain the linear decrease in the hydrogenatable fractions of C18:3 and C18:2 with maturity.
The rate of disappearance of C18:3 and C18:2 and the rate of appearance of C18:0 were not significantly affected by maturity (P > 0.1). The bypass of C18:3, C18:2, and C18:0 were greater at stem elongation but decreased linearly with maturity (Table 1 ). The amounts of C18:3 and C18:2 potentially escaping ruminal biohydrogenation were, respectively, 34 and 18% greater in timothy harvested at stem elongation than at early flowering stage. The amount of C18:0 potentially leaving the rumen was 46% greater at stem elongation than at early flowering.
At all growth stages, timothy fertilized with N had a greater nonhydrogenatable fraction (x) of C18:3 and C18:2, and a greater hydrogenatable fraction (y) of C18:3, as compared with non fertilized timothy ( Table 1) and the appearance of C18:0 (c) during an in vitro incubation with rumen fluid of timothy harvested at different growth stages (exp. 1, average of two N fertilization applications, lines represent fitted curves and symbols represent observed data); x is the nonhydrogenatable fraction of C18:2 or C18:3 in timothy (mg g -1 of DM), y is the hydrogenatable fraction of C18:2 or C18:3 in timothy (mg g -1 of DM), z is the rate of disappearance of fraction y (h -1 ), a is the amount of C18:0 (mg g -1 of DM) in the incubation mixture at time 0, b is the amount of C18:0 (mg g -1 of DM) appearing during the biohydrogenation process, c is the rate of appearance of fraction b (h -1 ), and t is the incubation time (h). x SE, EH, LH, and EF = stem elongation, early heading, late heading, and early flowering, respectively.
w Standard error of the mean. †Non significant at 0.10 > P ≥ 0.05, and *, ** significant at P < 0.05, P < 0.01, respectively. NS, nonsignificant at P ≥ 0.10.
C18:0 formed during the biohydrogenation process (b) was also greater in fertilized than in nonfertilized timothy for all growth stages (Table 1) . Nitrogen fertilization had no effect (P > 0.1) on the rate of disappearance (y) of C18:3 and C18:2 or on the rate of appearance (b) of C18:0. However, N fertilization increased the ED of C18:3 and C18:2, the EA of C18:0, and the BP of C18:3, C18:2, and C18:0 (Table 1) . The increased ED of C18:3 and C18:2 in fertilized timothy would likely be the result of greater concentrations of C18:3 and C18:2 in N fertilized timothy (Boufaïed et al. 2003) . The N fertilization of timothy decreases the concentration of NDF, which is the main structural component of forage biomass. This conversely increases the metabolic fraction of the forage biomass, which includes chloroplasts, and therefore increases the synthesis and accumulation of FA in the plant (Boufaïed et al. 2003) .
The trans C18:1 FA is an intermediate produced during ruminal biohydrogenation of C18:3 and C18:2; many isomers of the trans C18:1 FA have been identified, e.g., trans-9 C18:1 (Fujimoto et al. 1993) , trans-15, and trans-11 C18:1 (Harfoot and Hazlewood 1988) . The trans-11 C18:1 is the most abundant trans isomer of C18:1 produced in the rumen under normal feeding conditions (Harfoot and Hazlewood 1988) . In the present experiment, we did not separate the different trans isomers of C18:1; the sum of all trans-C18:1 is reported (Fig. 2a and Table 2 ). No trans-C18:1 was detected in timothy grass harvested at different growth stages (Boufaïed et al. 2003 ), but its concentration increased gradually during the first 3 h of incubation before levelling out to an asymptote at the end of the incubation (Fig. 2a) . These changes for trans C18:1 concentration in the mixture with incubation time did not fit in the models used for C18:3, C18:2, and C18:0. Average concentrations after 9, 24, and 36 h of incubation were therefore used for the statistical analysis in order to determine treatment effects on the asymptotic concentration of trans-C18:1. Concentration of trans-C18:1 was greatest at stem elongation but decreased linearly with maturity of timothy (Table 2) , which was probably related to the decrease in the hydrogenatable fractions of C18:3 and C18:2 with maturity ( Table 1) .
Concentration of cis C18:1 in the incubation mixture increased rapidly during the first 3 h of incubation for all treatments (Fig. 2b) . According to the metabolic biohydrogenation pathway of C18:3 described by Harfoot (1981) , cis-9, cis-12, cis-15 C18:3 is metabolized to the cis-12, cis-15 C18:2 isomer. The cis-12 double bond of this C18:2 isomer is then reduced to form cis-15 C18:1, which is further hydrogenated to C18:0. The formation of cis-15 C18:1 as an intermediary during the biohydrogenation of C18:3 may explain the temporary increase in the concentration of cis-C18:1 during the first 3 h of incubation. Concentration of cis-C18:1 in timothy grass is not significantly affected by growth stage (Boufaïed et al. 2003 ) but the initial production observed during its first phase of incubation (cis i -C18:1) with rumen fluid decreased linearly with maturity (Table 2) . This effect was probably related to the decreased concentration of C18:3 and C18:2 at the beginning of incubation with increasing maturities of timothy. Concentration of cis-C18:1 started to decrease after 9 h of incubation and hydrogenation was almost complete at the end of the incubation period (Fig. 2b) .
The average concentration of trans C18:1 after 9, 24, and 36 h, and the initial increase of cis C18:1 concentration at the beginning of incubation were greater in N fertilized than in nonfertilized timothy (Table 2) . These results are probably related to the greater concentrations of C18:3 and C18:2 in N-fertilized timothy at the beginning of incubation (Table 1) .
Results of the present experiment indicated that timothy grass should be harvested at an early growth stage and fertilized adequately with N in order to maximize the amount of PUFA escaping ruminal biohydrogenation. This increased BP in fertilized timothy harvested early was related to initial concentrations of C18:3 and C18:2, and no major differences were noted on the rates of disappearance of PUFA during the incubation period. The apparent BP of C18:3 and C18:2 were calculated assuming a constant ruminal rate of passage (k) of 0.06 h -1 . However, Fredrickson et al. (1993) reported that ruminal retention time increased and the passage rate of indigestible NDF decreased in cross- bred steers as the grazing season progressed. A more mature forage containing less PUFA could then remain in the rumen for a longer period of time, which would exacerbate the effect of growth stage on the apparent ruminal BP of C18:3 and C18:2.
Conservation Methods (Experiment 2a)
The conservation method applied to timothy after harvesting had a significant effect (P < 0.01) on all parameters that characterize C18:3 and C18:2 biohydrogenation (Table 3) . Fresh grass had greater nonhydrogenatable fractions of C18:3 and C18:2 as compared with dry hay, haylage, and silage. Amounts of biohydrogenated C18:3 and C18:2 (ED) were greater in silage than in haylage, dry hay, wilted grass, and fresh grass. Amounts of biohydrogenated C18:3 and C18:2 were also greater in haylage and silage than in dry hay. However, the amount of C18:0 produced during biohydrogenation (EA) was less in wilted grass, dry hay, and haylage than in fresh grass and silage. In fresh grass, the hydrogenatable fraction of C18:3 disappeared more rapidly, at a rate of 52% h -1 , than for wilted grass, dry hay, haylage, and silage for which C18:3 disappeared at a rate of 37, 25, 38, and 43% h -1 , respectively. Dry hay had the slowest rate of disappearance of C18:3 and C18:2. These results show that C18:2 and C18:3 were more extensively hydrogenated by rumen fluid microorganisms when timothy was incubated as haylage and silage than as fresh grass, wilted grass, or dry hay. The ED and BP of C18:3 and C18:2, and the EA and BP of C18:0, were significantly affected by how timothy was 
N S z trans C18:1 = average concentration of trans C18:1 at 9, 24, and 36 h of incubation, cis C18:1 = initial production of cis C18:1 during the first 9 h incubation, and cis C18:1 f = final concentration of cis C18:1 after 36 h of incubation. y Standard error of the mean. † Non signififcant at 0.10 > P ≥ 0.05, and *, ** significant at P < 0.05, P < 0.01, respectively; NS, nonsignificant at P ≥ 0.10. 9.74a 0.387 ** z The hydrogenation of C18:3 or C18:2 was described according to the equation; P t = x + y e -zt , where Pt is the amount (mg g -1 DM) of timothy C18:3 or C18:2 present in the incubation mixture at time t (h), x is the nonhydrogenatable fraction of C18:3 or C18:2 in timothy (mg g -1 DM), y is the hydrogenatable fraction of C18:3 or C18:2 (mg g -1 DM), z is the rate of disppearance of fraction y (h -1 ), and t is the incubation time (h). ED is the effective disappearance (mg g -1 DM) of C18:3 or C18:2 at a rate of passage (k) of 0.06 h -1 , ED = y(z/(z + k)). BP is the bypass (mg g -1 DM) of C18:3 or C18:2, BP = x + y -ED. The appearance of C18:0 was described according to the equation; Pt = a + b(1 -e -ct ), where Pt is the amount (mg g -1 DM) of timothy C18:0 present in the incubation mixture at time t (h), a is the amount (mg g -1 DM) of C18:0 present in the incubation mixture at time 0, b is the amount (mg g -1 DM) of C18:0 appearing during the biohydrogenation process, c is the rate of appearance of fraction b (h -1) and t is the incubation time (h). EA is the effective appearance of C18:0 (mg g -1 DM), EA = a + b (c/(c + k)). BP is the bypass of C18:0 (mg g -1 DM), BP = a + EA. y Standard error of the mean. †Non significant at 0.10 > P ≥ 0.05, and *, ** significant at P < 0.05, P < 0.01, respectively. NS, nonsignificant at P ≥ 0.10. a-c Means within a row followed by the same letter are not different at a 0.05 level of significance by LSD multiple range test. conserved (Table 3) . Among all conservation methods, silage had the greatest ED of C18:3 and C18:2, and the greatest EA of C18:0. On the other hand, dry hay had the least ED of C18:3 and C18:2, and the least EA of C18:0. The ED of C18:3 was greater in wilted grass, haylage, and silage than in dry hay, whereas the ED of C18:2 was greater in haylage and silage as compared with wilted grass and dry hay. More C18:3 bypassed the rumen with fresh grass, wilted grass, and dry hay than in haylage. Dry hay also had a greater BP of C18:3 than silage. The BP of C18:2 and C18:0 were greater in fresh grass and silage than in dry hay. The least BP of C18:0 in dry hay could be related to the low concentrations and hydrogenation rates of C18:2 and C18:3.
Concentrations of C18:2 and C18:3 were higher in silage than in fresh grass or dry hay, which could be due to a loss of some components (such as volatile FA and CO 2 ) during fermentation that would lead to increased concentrations of other components (Boufaïed et al. 2003) . Moreover, Collins (1995) observed that in vitro DM digestibility was less in haylage than in fresh grass. Sniffen et al. (1992) also reported slower digestion rates for carbohydrate and protein fractions in dry hay than in silage. A slower degradability of DM might have physically protected PUFA against ruminal hydrogenation, which may explain the slower rate of disappearance and the greater BP of C18:3 in dry hay than in silage. According to these results, timothy conserved as dry hay would maximize the amount of C18:3 potentially escaping biohydrogenation. On the other hand, silage and fresh grass would maximize the BP of C18:2.
The average concentration of trans C18:1, which is an intermediary during ruminal biohydrogenation of PUFA, was affected (P < 0.01) by conservation methods of timothy (Table 4) . Concentration of trans C18:1 after incubation was greater for haylage and silage than for fresh grass, wilted Source of variation Probability x Treatments ** ** † z trans C18:1 is the average concentration of trans C18:1 at 9, 24, and 36 h of incubation, cis i C18:1 is the initial production of cis C18:1 during the first 9 h of incubation, and cis f C18:1 is the final concentration of cis C18:1 after 36 h of incubation. y Standard error of the mean. † Non significant at 0.10 > P ≥ 0.05, and ** Significant at P < 0.01 a-d Means within a column followed by the same letter are not different at a 0.05 level of significance by LSD multiple range test. The hydrogenation of C18:3 or C18:2 was described according to the equation; P t = x + y e -zt , where Pt is the amount (mg g -1 DM) of timothy C18:3 or C18:2 present in the incubation mixture at time t (h), x is the nonhydrogenatable fraction of C18:3 or C18:2 in timothy (mg g -1 DM), y is the hydrogenetable fraction of C18:3 or C18:2 (mg g -1 DM), z is the rate of disppearance of fraction y (h -1 ), and t is the incubation time (h). ED is the effective disappearance (mg g -1 DM) of C18:3 or C18:2 at a rate of passage (k) of 0.06 h -1 , ED = y(z/(z + k)). BP is the bypass (mg g -1 DM) of C18:3 or C18:2, BP = x + y -ED. The appearance of C18:0 was described according to the equation; Pt = a + b(1 -e -ct ), where Pt is the amount (mg g -1 DM) of timothy C18:0 present in the incubation mixture at time t (h), a is the amount (mg g -1 DM) of C18:0 present in the incubation mixture at time 0, b is the amount (mg g -1 DM) of C18:0 appearing during the biohydrogenation process, c is the rate of appearance of fraction b (h -1 ), and t is the incubation time (h). EA is the effective appearance of C18:0 (mg g -1 DM), EA = a + b(c/(c + k)). BP is the bypass of C18:0 (mg g -1 DM), BP = a + EA. y H = haylage, H i = haylage with LAB inoculant (10 6 CFU g -1 FM), H fa = haylage with formic acid (6 L Mg -1 FM), S = silage, S i = silage with LAB inoculant (10 6 CFU g -1 FM), S fa = haylage with formic acid (6 L Mg -1 FM). x Standard error of the mean. †Non significant at 0.10 > P ≥ 0.05, and *, ** significant at P < 0.05, P < 0.01, respectively. NS, nonsignificant at P ≥ 0.10. grass, and dry hay. This greater concentration of trans C18:1 in fermented forages was likely to be a result of production during incubation with rumen fluid; previous results (Boufaïed et al. 2003) have shown that no trans C18:1 is produced during the ensiling process. This does not agree with observations of Lough and Anderson (1973) who reported that the presence of trans C18:1 in silage was a consequence of the isomerisation and hydrogenation of PUFA occurring during silage fermentation. In the present experiment, the amount of biohydrogenated C18:2 and C18:3 and the rate of disappearance of C18:2 and C18:3 were greater in silage than in dry hay, which would have contributed to an increased production of trans C18:1 during the in vitro incubation of silage and haylage as compared with dry hay.
During the first phase of incubation, more cis C18:1 was produced from silage and fresh grass than from wilted grass and dry hay (Table 4) ; this result may be due to higher concentrations of PUFA and faster rates of biohydrogenation in silage than in dry hay. The concentration of cis C18:1 after 36 h of incubation tended (P < 0.10) to be higher in silage than in wilted grass and dry hay. However, the concentration of cis C18:1 remained high at the end of the incubation period in this experiment as compared to the first where biohydrogenation of cis C18:1 was almost complete (Table 2) . Kemp et al. (1975) reported that Fusocillus organisms, strictly anaerobic bacteria isolated from the rumen of sheep, are able to hydrogenate C18:3 to cis-15 C18:1, which appears not to be further hydrogenated by either pure cultures or by mixed rumen microorganisms. The inability of rumen bacteria to hydrogenate cis-15 C18:1 may explain why the concentration of cis C18:1 in the incubation mixture was high after 36 h of incubation. We can not explain, however, why this phenomenon was not observed in the first experiment.
Haylage and Silage Additives (Experiment 2b)
Silage had greater hydrogenatable fractions (y) of C18:3 (P < 0.05) and C18:2 (P < 0.10) than haylage. The ED of C18:3, the BP of C18:2, and the EA of C18:0 were greater in silage than in haylage (Table 5 ). Production of cis C18:1 at the beginning of the incubation period was also greater in silage than in haylage (Table 6 ). These observations, also made in the previous experiment, may be explained by the higher concentrations of C18:3 and C18:2 in silage than in haylage (Boufaïed et al. 2003) .
The addition of 6 L of formic acid Mg -1 of FM increased the rate of biohydrogenation of C18:3 by 23% in haylage and by 38% in silage, but this increase had no major effect on the apparent BP of C18:3 (Table 5 ). The addition of formic acid decreased (P < 0.10) the hydrogenatable fraction (y) of C18:2 from 3.74 to 2.99 mg g -1 of DM in silage, which may be explained by the lower C18:2 concentration in silage treated with formic acid than in control silage (Boufaïed et al. 2003) . Dewhurst and King (1998) also observed that the addition of formic acid or formaldehyde to forages decreased silage fermentation and had significant, but numerically small, effects on the levels and proportions of FA. The LAB inoculant added to haylage and silage had no significant effect (P > 0.05) on any disappearance parameters of C18:3 and C18:2 or on the appearance parameters of C18:0 during the in vitro incubation.
The addition of formic acid or LAB inoculant to haylage and silage had no effect on the average concentration of trans C18:1 after 9, 24, and 36 h of incubation. However, the production of cis C18:1 at the beginning of incubation was greater with additions of LAB and formic acid to haylages, and less with LAB and formic acid treated silages, than in the controls (Table 6) .
CONCLUSIONS
Hydrogenatable fractions, effective disappearances, and ruminal bypass of C18:3 and C18:2 were greatest in timothy harvested at stem elongation but decreased linearly with increasing maturity. The N fertilization increased the nonhydrogenatable fraction of C18:3 and C18:2, the hydrogenatable fraction of C18:3, and the effective disappearances and bypass of C18:3 and C18:2. Rates of disappearance of C18:3 and C18:2 were not affected by maturity or N fertilization. Amounts of biohydrogenated C18:3 and C18:2 and rates of biohydrogenation were greater in haylage and silage than in timothy hay. Ruminal bypass of C18:3 from timothy was greater in fresh, wilted, and hay than in haylage and silage. The addition of formic acid or lactic acid bacteria to timothy haylage and silage had no trans C18:1 = average concentration of trans C18:1 at 9, 24, and 36 h of incubation, cis i C18:1 = initial production of cis C18:1 during the first 9 h incubation, and cis f C18:1 = final concentration of cis C18:1 after 36 h of incubation. y LAB = Lactic acid bacteria (Lactobacillus plantarum) x CFU = colony forming units. w Standard error of the mean.
† non significant at 0.10 > P ≥ 0.05, and *, ** significant at P < 0.05, P < 0.01, respectively, NS non signififcant at P ≥ 0.10.
significant effect on C18:3 and C18:2 disappearances and bypass. Fertilizing timothy crops with N, harvesting them at an early growth stage, and conserving the sward as dry hay can maximize the amount of C18:3 that bypasses ruminal biohydrogenation.
